Abstract: Super-resolution imaging has been achieved in a lithography environment using both single-and multi-layer silver superlenses. The performance of these systems is compared here, and analytical and simulation methods are used to optimize performance.
Introduction
For conventional optical imaging and projection lithography the resolution is limited to approximately half the exposing wavelength. The trend in semiconductor manufacturing has therefore been to use shorter wavelengths, with 193 nm ArF laser sources being used currently. Another way to improve resolution is to go into the near field region, where conventional resolution limits no longer apply. We have used our Evanescent Near Field Optical Lithography (ENFOL) technique to demonstrate resolution down to λ/7 in a hard-contact lithography experiment [1] , with λ/20 resolution predicted for thinner resists [2] .
A problem with ENFOL and related techniques is that they require intimate mask/resist contact, which may be undesirable in a manufacturing environment. Following Pendry's proposal that a planar metal film can act as a plasmon-mediated near-field superlens [3] a near-field planar lens lithography (PLL) technique has been developed in which a planar metallic film is inserted between the mask and imaging photoresist [4] . Using PLL we have provided the first experimental demonstration of sub-wavelength imaging using a silver planar lens illuminated at the i-line wavelength of a Mercury lamp [5] . We have gone on to show that this technique is capable of producing sub-diffraction-limited near-field images [6] , as have another group using a related technique [7] .
Further improvements in the imaging properties of silver superlenses have been proposed by going from singlelayer to multi-layer lens structures [8] . If the same total thickness of silver and dielectric spacer layers is used, then the lamination of these materials provides resolution enhancements by the introduction of additional metal surfaces between the object and image planes; as the imaging in these silver superlenses is strongly mediated by surface plasmons, the incorporation of additional layers on which such plasmons can be generated allows higher spatial frequency components to be efficiently transferred through the system.
The resolution enhancements provided in going to multi-layer superlenses have been experimentally tested very recently [9] . This work showed that super-resolution can also be achieved through a double-layer silver superlens, with enhanced transmission compared to a single-layer lens. We review this work here and present the main experimental findings. Analytical and simulation results are then given to show how the performance of multi-layer superlenses can be optimized by changing the relative layer thicknesses in the lens stack.
Experimental Methods
ENFOL and PLL are based on conformal-mask contact lithography [10] , and the experimental arrangements are shown schematically in Fig. 1 . In both cases a 30-nm thick tungsten mask is patterned on a thin glass substrate (either 100 or 150 μm thick) using electron-beam lithography and reactive ion etching. For ENFOL this conformal mask is then mounted on a rigid support and used in a commercial mask aligner (Karl Suss, MA-6). For PLL the mask is coated with a planarized poly-methylmethacrylate (PMMA) dielectric spacer, a silver (Ag) lensing layer and a silicon dioxide (SiO 2 ) dielectric spacer prior to being mounted on its rigid support. For multi-layer lenses the deposition of alternating layers of Ag and SiO 2 is repeated until the final lens stack is complete. Full details of the experimental procedures have been published previously [5, 6] , and the additional surface roughness that is introduced when going to multi-layer lenses is characterized in Ref. 9 . A shorthand notation has also been used for describing the lens stacks, in which a system with 25 nm of PMMA, 50 nm of Ag, followed by 10 nm of SiO 2 is referred to as a 25/50/10-PMMA/Ag/SiO 2 lens; the notation extends naturally to multi-layer systems. 
Experimental Results
A number of different silver-layer thicknesses have been employed in PLL imaging experiments to date, from 120 nm down to below 50 nm, with the image resolution improving as the silver thickness is reduced, as expected from work that has shown that optimal evanescent-field transmission occurs for silver layers around 35-nm thick [11] . One interesting point to note here is that the effects of surface roughness on the silver film in acting as a local source of surface plasmons can often be clearly seen in the results of PLL exposures, as shown in Fig. 2 for a 1-μm period grating imaged through a 40/85/26-PMMA/Ag/ SiO 2 lens stack; here there a number of dark spots on the image, surrounded by weak concentric rings. We attribute these to exposure from high intensity 'hot spots' on the silver layer, where the surface roughness acts as a strong source of surface plasmons that are capable of exposing the resist, which is expected if the conditions for super-resolution imaging are to be met [4, 5] .
Comparisons between images formed using single-layer and double-layer lenses ( Fig. 2(b) ) show that subdiffraction-limited resolution can be achieved in both cases, but that the image fidelity is degraded for 170-nm pitch features due to additional surface-roughness effects [9] . One positive feature that has been experimentally determined for the double-layer lenses is that the required exposure time reduces by approximately a factor of two for the same total silver thickness, which is evidence that the transmission is enhanced by laminating the silver. 
Simulations and System Optimization
Finite-difference time-domain (FDTD) simulations have been performed for the PLL geometries that have been studied experimentally, and examples of the expected intensity profiles in the imaging resist are shown in Fig. 3(a) for three cases: proximity lithography with an 85 nm gap and the two PLL geometries used for the images in Fig. 2(b) . For the 170-nm period structures used in this simulation the ability of the silver superlenses to project high-contrast near field images is apparent (noting also that there is only a weak, inverted image for the proximity exposure), and the experimentally-observed intensity enhancement for the double-layer lens is also clear. Future challenges in the FDTD simulation work lie in the ability to model the effects of surface roughness on the imaging. An analytical approach has also been used to investigate the optimization of multi-layer lenses [12] . An example of the differences in the spatial-frequency transfer functions for various lens stacks is shown in Fig. 3(b) , with the details of the layer thicknesses given in Table 1 ; in each case the total silver thickness is 40 nm with the image plane taken 10 nm below the final silver layer, and the results are compared to a simple 10 nm proximity exposure. Enhancements in the super-resolved spatial frequency components (those above 5 µm -1 ) are observed for all the superlens geometries, and the equi-spaced four-layer lens has the highest bandwidth with useful performance out to 5 times the diffraction limit (25 µm -1 ). However, by changing the relative thickness of the layers the performance can be optimized for certain spatial frequencies. For example, 3-or 4-layer graduated lenses show intensity enhancements of greater than 100 times at 6 µm -1 , with better performance than the equi-spaced lens out to 20 µm -1 . The differences between the range of graduation schemes studied is rather subtle, indicating that good performance can be achieved for a range of multi-layer lens geometries, with the corollary that the practical performance of any particular superlensing system will not be extremely sensitive to the exact dimensions of the layers used. The effects that have been predicted here will be challenging to test experimentally, but the prospect of resolving 20-nm half-pitch features (25 µm -1 spatial features) using a conventional UV exposure tool is an extremely enticing one. As the experimental aspects of this study have already shown, it is control over the surface roughness, rather than the absolute layer thicknesses, that will be critical in this endeavor.
